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Abs t rac t  
Changes i n  ambient cond i t ions -p res su re ,  tem- 
p e r a t u r e ,  and humid i ty -a f f ec t  t h e  exhaust  emis- 
s i o n s  of a gas t u r b i n e  engine.  Such v a r i a t i o n s  
must be compensated f o r  du r ing  eng ine  c e r t i f i c a t i o n .  
The r e s u l t s  of a t e s t  program employing a JT8D-17 
combustor are p resen ted  which quan t i ze  t h e  e f f e c t  of 
c a r e f u l l y  c o n t r o l l e d  changes on unburned hydracar-  
bons,  carbon monoxide, and ox ides  o f  n i t r o g e n  a t  
s imula t ed  i d l e  o p e r a t i n g  cond i t ions .  A n a l y t i c a l  
r e s u l t s  are given t o  e x p l a i n  t h e  observed hydrocar- 
bon and carbon monoxide behavior .  It is shown t h a t  
f o r  a complete range o f  p o s s i b l e  ambient v a r i a t i o n s ,  
s i g n i f i c a n t  changes do occur  i n  t h e  amount of pol lu-  
t a n t s  emi t t ed  by an i d l i n g  gas  t u r b i n e .  
I n t r o d u c t i o n  
Environmental P r o t e c t i o n  Agency r e g u l a t i o n s  
p e r t a i n i n g  t o  emission s t a n d a r d s  f o r  gas t u r b i n e  
engines  s p e c i f y  maximum q u a n t i t i e s  o f  t h e  p o l l u t a n t  
s p e c i e s  which may h e  exhausted du r ing  a l and ing  and 
t a k e o f f  cyc le  f o r  eng ine  i n l e t  c o n d i t i o n s  corres- 
ponding t o  those  o f  a s t anda rd  day. However, only 
o c c a s i o n a l l y  are ambient cond i t ions  those  of a 
s t anda rd  day and i t  i s  necessa ry  t o  develop correc- 
t i o n  techniques i n  o r d e r  to be a b l e  to relate emis- 
s i o n  measurement8 as a c t u a l l y  made from an eng ine  
o r  combustor t o  those  which would have occurred on 
a s t a n d a r d  day. 
The e f f e c t  of i n l e t  p r e s s u r e ,  temperature ,  and 
humidi ty  on t h e  ox ides  o f  n i t r o g e n  produced by an 
eng ine  when o p e r a t i n g  a t  take-off  power S e t t i n g s  
was noted q u i t e  e a r l y  by L i p f e r t l ,  and subsequent ly  
numerous c o r r e c t i o n  f a c t o r s  were formulated.  A 
compilat ion and e v a l u a t i o n  o f  t hese  has  been re- 
c e n t l y  given by Ruhins and Marchionna2. For a com- 
b u s t o r  o p e r a t i n g  a t  i d l e  c o n d i t i o n s  a d d i t i o n a l  cor- 
r e c t i o n s  were developed by Marzeski and Blazowski3 
t o  account f o r  t h e  e f f e c t s  o f  nonstandard i n l e t  
p r e s s u r e  and temperature  an a l l  emissions.  For 
product ion samples of a given engine t h e  e f f e c t  of 
ambient temperature  and p r e s s u r e  on a l l  emissions 
over t h e  complete t h r u s t  range has  been c o r r e l a t e d  
by S a r l i  e t  a l . 4 .  W i t h  t h e  excep t ion  o f  some lim- 
i t e d  engine t e s t  r e s u l t s  given by Nelson et  a1.5 
and Mosier and Roberts6 and t h e  work r epor t ed  by 
Allen and S l u s h e r 7  t h e  e f f e c t  of humidity on i d l e  
emissions appa ren t ly  h a s  r ece ived  l i t t l e  a t t e n t i o n  
al though t h e  extreme s e n s i t i v i t y  of CO ox ida t ion  t o  
t h e  presence o f  water  vapor  i s  w e l l  known. 
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I n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t  of ambient re- 
l a t i v e  humidity on gas t u r b i n e  i d l e  emissions a re- 
sea rch  e f f o r t  was i n i t i a t e d  encompassing both exper- 
imen ta l  and a n a l y t i c a l  work. Resu l t s  generated 
d u r i n g  t h e  program are r e p o r t e d  i n  t h i s  paper .  
Experimental ly  a n o n v i t i a t i n g  combnstor rig was 
employed t o  s imula t e  changing combustor i n l e t  condi- 
t i o n s  as gene ra t ed  by changing ambient cond i t ion .  
Emissions measurements were made a t  t h e  combustor 
e x i t .  A n a l y t i c a l l y  f o r  t h e  carbon monoxide a k i -  
n e t i c  r e a c t i o n  scheme was a p p l i e d  w i t h i n  each zone 
of t h e  combustor where temperatures  and i n i t i a l  
s p e c i e s  concen t r a t ions  no t  only r e f l e c t e d  l o c a l  
combustor c h a r a c t e r i s t i c s  b u t  a l s o  changing ambient 
c o n d i t i o n s ,  w h i l e  f o r  t h e  hydrocarbon emissions t h e  
v a p o r i z a t i o n  of f u e l  drops pas s ing  through tempera- 
t u r e  p r o f i l e s  determined by l o c a l  combustor condi- 
t i o n s  and changing ambient c o n d i t i o n s  was examined. 
Experimental  Prosram 
Tes t  A D a r a t u s  
The experimental  program was conducted i n  a 
c losed  duc t  test f a c i l i t y ,  desc r ibed  i n  d e t a i l  by 
Fear8,  l o c a t e d  i n  t h e  Engine Research Bu i ld ing  o f  
t h e  NASA L e w i s  Research Center .  A s i n g l e  JT8D-17 
combustor can, shown i n  cross s e c t i o n  i n  Fig.  1, 
was supp l i ed  wi th  t h e  a p p r o p r i a t e  q u a n t i t y  of J e t  A 
f u e l  and n o n v i t i a t e d  a i r  t o  s imula t e  combustor i n l e t  
c o n d i t i o n s  corresponding t o  s p e c i f i e d  engine i n l e t  
p r e s s u r e ,  temperature ,  and humidi ty .  The combustor 
i n s t a l l a t i o n  and in s t rumen ta t ion  are s h o w n i n F i g .  2.  
The w a t e r  con ten t  of t h e  i n l e t  a i r  was c o n t r o l l e d  
by i n j e c t i n g  demineral ized wa te r  through a s p r a y  
n o z z l e  i n t o  t h e  ho t  a i r  supp l i ed  by t h e  p r e h e a t e r  
approximately 5 me te r s  upstream of t h e  combustor 
thereby a s s u r i n g  complete v a p o r i z a t i o n .  
con ten t  of t h e  a i r  supp l i ed  by t h e  p r e h e a t e r  was 
c o n t i n u a l l y  monitored and nominally q u i t e  s m a l l  
(dew p o i n t  of approximately 239 K). 
emis s ions  were measured acco rd ing  t o  SAE s p e c i f i c a -  
t i ons9 .  
Tes t  Condi t ions 
The wa te r  
The combustor 
The i d l e  o p e r a t i n g  c o n d i t i o n s ,  both nominal 
and as t e s t e d ,  are given i n  Table I.  In  r e l a t i n g  
t h e  ambient v a r i a b l e s  t o  combustor i n l e t  v a r i a b l e s ,  
compressor p re s su re  r a t i o s  of 2 t o  5 were chosen 
a long  wi th  a compressor e f f i c i e n c y  of 80%. 
mass flow through t h e  combustor was c a l c u l a t e d  on 
t h e  b a s i s  of a cons tan t  compressor d i scha rge  Mach 
number or a cons t an t  r e f e r e n c e  v e l o c i t y .  S ince  
t h e  mass flow i n t o  t h e  combustor c o n s i s t s  of bo th  
a i r  and wa te r ,  t h e  combination of which may be con- 
s i d e r e d  as an o x i d i z e r ,  t h e  f u e l  flow was s e t  t o  
maintain a cons tan t  f u e l l a i r  r a t i o  and not  a con- 
s t a n t  f u e l l o x i d i z e r  r a t i o .  Because t h e  combustor 
was of f i x e d  geometry t h r e e  d i f f e r e n t  values of t h e  
o v e r a l l  f u e l f a i r  r a t i o  were run in o r d e r  t o  a f f e c t  
l o c a l  f u e l l a i r  r a t i o s  w i t h i n  t h e  combustor. 
The 
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Experimental  R e s u l t s  
Represen ta t ive  values of  t h e  measured emissions 
from t h e  JT8D-17 combustor are given i n  F igs .  3-6 i n  
terms of t h e  emis s ion  index ,  E1 = p,mS of p o l l u t a n t l k g  
of f u e l .  A l l  f i g u r e s  correspond t o  one s imula t ed  
compressor d i scha rge  cond i t ion -a  pressure r a t i o  of 
f o u r  and a cons tan t  Mach number. On each f i g u r e  
t h r e e  sets of d a t a  are given-one f o r  each o v e r a l l  
f u e l l a i r  r a t i o .  For a l l  o t h e r  c o n d i t i o n s  remaining 
cons t an t  a l a r g e r  f u e l l a i r  r a t i o  g ives  a h i g h e r  com- 
b u s t o r  d i scha rge  temperature ,  T4. Within each o f  
t h e  t h r e e  f u e l l a i r  r a t i o  groupings two parameters  
are independent ly  v a r i e d - t h e  ambient temperature ,  
To, and t h e  r e l a t i v e  humid i ty ,  RH. For each of t h e  
t h r e e  ambient temperatures  considered d a t a  p o i n t s  
are presen ted  f o r  t h r e e  r e l a t i v e  h u m i d i t i e s  w i th  
t h e  excep t ion  of To = 244 K where an extremely 
small  q u a n t i t y  a f  water  corresponds t o  s a t u r a t i o n  
and only one v a l u e  o f  r e l a t i v e  humidity is given.  
For a f i x e d  f u e l l a i r  r a t i o  and ze ro  r e l a t i v e  humid- 
i t y  i n c r e a s i n g  ambient temperature  i n c r e a s e s  
t h e  combustor d i scha rge  temperature  wh i l e  f o r  a 
f i x e d  f u e l l a i r  r a t i o  and ambient temperature  in-  
c r e a s i n g  t h e  r e l a t i v e  humidity dec reases  t h e  com- 
b u s t o r  d i scha rge  temperature .  
For t h e  f i r s t  two f i g u r e s  t h e  fo l lowing  t r e n d s  
are recognized.  For a f i x e d  s e t  o f  ambient condi- 
t i o n s  an i n c r e a s e  i n  t h e  f u e l l a i r  r a t i o  l e a d s  t o  a 
d e c r e a s e  i n  t h e  hydrocarbon and carbon monoxide 
emission index.  For a f ixed  f u e l l a i r  r a t i o  and 
ze ro  humidi ty  an i n c r e a s e  i n  t h e  ambient temperature  
causes a d e c r e a s e  i n  t h e  emission index.  For a 
f i x e d  f u e l l a i r  r a t i o  and a given ambient temperature  
an i n c r e a s e  i n  t h e  r e l a t i v e  humidity causes an in -  
crease i n  t h e  emission index,  an e f f e c t  which is  
e s p e c i a l l y  n o t i c e a b l e  a t  t h e  h i g h e s t  ambient tem- 
p e r a t u r e  where s a t u r a t i o n  corresponds t o  t h e  
presence o f  8.12% of  mass water  vapor. 
For r e g u l a t o r y  purposes  t h e  combustor d i scha rge  
temperature ,  T 4 ,  is  n o t  a convenient  parameter ,  b u t  
it w a s  thought  t h a t  i ts use would p rov ide  i n s i g h t  
w i th  r ega rd  t o  t h e  processes occur r ing  w i t h i n  t h e  
combustor. For t h e  hydrocarbons and carbon mon- 
oxide T4 does n o t  uniquely determine t h e  emissions.  
F u e l l a i r  r a t i o ,  ambient a i r  temperature ,  and ambient 
a i r  humidi ty  are a l l  important .  For a l l  f u e l l a i r  
r a t i o s  t h e  s l o p e ,  [ ~ ( E I - H C ) ~ ~ T ~ ] ~ = O . O ,  is  less
n e g a t i v e  than t h e  s l o p e ,  [ ~ ( E I - H C ) / ~ T ~ ] R H = ~ , ~ ,  w i t h  
b o t h  becoming less n e g a t i v e  w i t h  i n c r e a s i n g  f u e l l a i r  
r a t i o s .  For a l l  f u e l l a i r  r a t i o s  t h e  s l o p e ,  
[a(EI-Cfl) /aT4I~~.o.o.  i s  n e a r l y  i d e n t i c a l  wh i l e  t h e  
s l o p e ,  [a(El-CO)/aT41~H=l.0,  i n c r e a s e s  with decreas-  
i ng  f u e l l a i r  r a t i o .  A t  t h e  h i g h e s t  f u e l l a i r  r a t i o  
t h e  two s l o p e s  are nearly i d e n t i c a l .  
For t h e  t h i r d  f i g u r e  t h e  fo l lowing  w e l l  known 
t r e n d s  are e v i d e n t .  Fo r  a f i x e d  s e t  o f  ambient 
cond i t ions  an i n c r e a s e  i n  t h e  f u e l l a i r  r a t i o  l eads  
t o  an i n c r e a s e  i n  t h e  ox ides  of n i t r o g e n  emission 
index except  a t  t h e  h i g h e s t  a b s o l u t e  humidity con- 
d i t i o n s  (To = 322 K ,  RH = 100%). For a f i x e d  
f u e l l a i r  r a t i o  and zero humidity an i n c r e a s e  i n  t h e  
ambient temperature  causes an i n c r e a s e  i n  t h e  emis- 
s i o n  index. For a f i x e d  f u e l l a i r  r a t i o  and a given 
ambient temperature  an i n c r e a s e  i n  t h e  r e l a t i v e  
humidity causes a dec rease  i n  t h e  emission index,  
aga in  an e f f e c t  which is q u i t e  n o t i c e a b l e  when t h e  
q u a n t i t i e s  o f  wa te r  vapor are l a r g e .  For a given 
T4 a wide v a r i a t i o n  i n  t h e  emis i san  index i s  ohvi- 
OUS. The slopes, [a(El-NO,) /aT4]~~=o.o and 
[ a ( E I - N O x ) l a T 4 1 ~ = l , ~ ,  are seen t o  b e  l i t t l e  
a f f e c t e d  by t h e  va lue  of t h e  f u e l l a i r  r a t i o ,  and 
t h e  former has  a s l i g h t l y  s m a l l e r  value than t h e  
l a t t e r .  The combustion e f f i c i e n c y  f o r  each p o i n t  
i s  a l s o  i n d i c a t e d ,  and f o r  similar values  t h e r e  may 
be l a r g e  d i f f e r e n c e s  i n  t h e  emission index.  
.,, I n  t h e  l as t  of t h i s  group of f i g u r e s  t h e  n i t r o -  gen d iox ide  emission index f o r  t h e  s m a l l e s t  va lue  
o f  t h e  f u e l l a i r  r a t i o  shows t r e n d s  i d e n t i c a l  t o  
those  d i scussed  above f o r  t h e  t o t a l  ox ides  of n i t r o -  
gen. I t  i s  d i f f i c u l t  t o  r ecogn ize  a f u n c t i o n a l  
dependence of t h e  emission index on ambient condi- 
t i o n s  f o r  t h e  h ighe r  v a l u e s  of t h e  f u e l l a i r  r a t i o .  
Cons ide ra t ion  of data c o l l e c t e d  a t  o t h e r  s imulated 
i d l e  o p e r a t i n g  c o n d i t i o n s  w i l l  d e l i n e a t e  t h i s  
problem f u r t h e r .  
I n  t h e s e  f i g u r e s  only a l i m i t e d  amount of t h e  
emission d a t a  c o l l e c t e d  i s  p resen ted ,  i . e .  a com- 
p r e s s o r  p re s su re  r a t i o  of f o u r  and a cons tan t  com- 
p r e s s o r  d i scha rge  Mach number. A comparison of a l l  
emission d a t a  shows t h a t  f o r  a given p r e s s u r e  r a t i o  
l i t t l e  d i f f e r e n c e  e x i s t s  between t h e  emission l e v e l s  
and t r e n d s  f o r  t h e  case of  a cons tan t  r e fe rence  
v e l o c i t y  as compared t o  t h e  case of a cons t an t  com- 
pressor d i scha rge  Mach number. However, an i nc rease  
i n  t h e  pressure  r a t i o  does cause a d e c r e a s e i n h y d r o -  
carbon and carbon monoxide emission i n d i c e s  and an 
i n c r e a s e  i n  t h e  ox ides  of n i t r o g e n  and n i t rogen  
d iox ide  emission i n d i c e s .  An examination of t h i s  
a d d i t i o n a l  d a t a  sliows t h a t  t h e  f u n c t i o n a l  dependence 
o f  t h e  n i t r o g e n  d iox ide  emission index is i d e n t i c a l  
to t h a t  of t h e  t o r a l  oxides  of n i t r o g e n  emission 
index as long as t h e  combustor d i scha rge  temperature 
is less than approximately 900 K. Above t h i s  tem- 
p e r a t u r e  t h e  expected q u a n t i t i e s  of n i t r o g e n  d iox ide  
do n o t  appear. For a l l  d a t a ,  t h e  range i n  ambient 
c o n d i t i o n s  considered c e r t a i n l y  produce l a r g e  v a r i -  
a t i o n s  i n  t h e  emission i n d i c e s .  
,J 
Other combustor emission d a t a  i s  s u r p r i s i n g l y  
s i m i l a r  t o  t h a t  c o l l e c t e d  f o r  t h e  JT8D-17. The 
emission d a t a  of Marzeski and Blazowski3 was col- 
l e c t e d  u s i n g  a T-56 combustor employing two d i f f e r -  
e n t  f u e l s  and d i f f e r i n g  primary zone f u e l l a i r  r a t i o s  
f o r  a cons t an t  o v e r a l l  f u e l l a i r  r a t i o .  The r e l a t i v e  
humidity of t h e  i n l e t  a i r  was c l o s e  t o  ze ro .  A l -  
though t h e  a b s o l u t e  va lues  of t h e  emission i n d i c e s  
va ry  s l i g h t l y  f o r  i d e n t i c a l  compressor r a t i o s  t h e  
s l o p e s ,  [ ~ ( E I ) / S T ~ I R H = ~ . ~ ,  f o r  hydrocarbons,  carbon 
monoxide, and ox ides  o f  n i t r o g e n  are n e a r l y  i d e n t i -  
cal. A s i m i l a r i t y  among combustors would ease t h e  
r e g u l a t o r y  t a s k  o f  developing c o r r e c t i o n s  f o r  
nonstandard i n l e t  cond i t ions .  
C o r r e l a t i o n  F a y s 2  
For r e g u l a t o r y  purposes t h e  convenient inde- 
pendent v a r i a b l e s  i n  a c o r r e l a t i o n  equa t ion  are 
those  a t  t h e  compressor d i scha rge  plane--3,  T3, 
and humidity (HUM) - i n  a d d i t i o n  t o  t h e  f u e l l a i r  
r a t i o  (FAX). 
employed t o  gene ra t e  such an equat ion f o r  t h e  emis- 
s i o n  index of each p o l l u t a n t  s p e c i e s  (E l ) .  Recaue 
of  t h e  S i m i l a r i t y  between t h e  cons t an t  v e l o c i t y  and 
Constant Mach number d a t a  s e p a r a t e  c o r r e l a t i o n s  
were no t  developed. The emission d a t a  was f i t  em- 
p loying a s t epwise  m u l t i p l e  l i n e a r  r e e r e s s i o n  D ~ O -  
The d a t a  c o l l e c t e d  i n  t h i s  s tudy  w a s  
I 
gram t o  determine t h e  c o e f f i c i e n t s  i n  an  equa t ion  
of t h e  fol lowing form: 
E1 = p3a exp [b + - + - + -1 FAR T3 HUM , c d e  
where t h e  r e s p e c t i v e  dimensions a re :  El (lbm1103 
l b m ) ,  p3 ( p i a ) ,  T3  (OR), and HUM (lhm water/lf13 lbm 4 
W 
air). The c o e f f i c i e n t s  as determined by theprogram 
a r e  given in Table I1 f o r  two ex t r emes -a l l  d a t a  
c o l l e c t e d  and various subcases  s e l e c t e d  t o  maximize 
c o r r e l a t i o n .  In t h e  l a t t e r  case f o r  t h e  hydrocar-  
bons (HC) and t h e  carbon monoxide (CO) t h e  d a t a  
c o l l e c t e d  a t  a compressor d i scha rge  p r e s s u r e  o f  
2 atmospheres was no t  included i n  t h a t  combustion 
is most marginal  under t h e s e  circumstances and f o r  
t h e  c a s e  of oxides  o f  n i t r o g e n  (NOx) only t h e  d a t a  
f o r  a f u e l l a i r  r a t i o  o f  0.015 was included i n  t h a t  
p roduc t ion  of ox ides  o f  n i t r o g e n  is h i g h e s t  under 
these  cond i t ions .  Graphical ly  t h e  agreement be- 
tween t h e  measured emission d a t a  and t h a t  p r e d i c t e d  
by t h e  r e g r e s s i o n  a n a l y s i s  in t h e  case of t h e  se-  
l e c t e d  d a t a  i s  shown in Figs.  7-9. The r e l a t i o n -  
s h i p  between t h e  emissions and t h e  ambient vari- 
a b l e s  would appear  t o  b e  adequately e s t a b l i s h e d .  
A n a l y t i c a l  E f f o r t  
Model 
The experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  HC 
and CO emissions are decreased by an  i n c r e a s i n g  
f u e l l a i r  r a t i o ,  p r e s s u r e  r a t i o ,  and ambient tem- 
p e r a t u r e ,  wh i l e  they are i nc reased  by an i n c r e a s i n g  
ambient humidity.  For t h e  NOx emissions t h e  s i t u a -  
t i o n  is j u s t  t h e  r eve r se .  
emissions have been modelled t o  account f o r  a l l  
e f f e c t s l l .  
r e l e v a n t  t o  t h e  product ion o f  carbon monoxide i n  t h e  
gas t u r b i n e  combustor have been p rev ious ly  given by 
Morr et  a1.12 and a less d e t a i l e d  model b u t  i nc lud -  
i n g  l i m i t e d  ambient a f f e c t s  has been p resen ted  by 
S a r l i 4 .  
y e t  a c c u r a t e  model of t h e  combustion p rocess  occur- 
r i n g  w i t h i n  a gas t u r b i n e  combustor c o n f l i c t s  w i l l  
arise. In t h e  model considered h e r e  i t  i s  suggested 
t h a t  t h e  combustor may be t r e a t e d  as a p lug  f low 
r e a c t o r  in which t h e r e  is homogeneous r e a c t i o n  be- 
tween t h e  p e r f e c t l y  mixed f u e l  and o x i d i z e r  under 
i so the rma l  c o n d i t i o n s  corresponding t o  t h e  a d i a b a t i c  
flame temperature .  Add i t iona l ly ,  s i n c e  t h e  k i n e t i c s  
r e p r e s e n t i n g  the o x i d a t i o n  o f  a complex hydrocarbon 
f u e l ,  such as J e t  A, are only poorly understood 
methane is chosen as t h e  f u e l  f o r  employment i n  t h e  
a n a l y t i c a l  e f f o r t .  It is r e l e v a n t  t o  obse rve ,  how- 
ever, that a t  t h e  t e rmina t ion  of t h e  primary zone 
s p e c i e s  composition c l o s e l y  approximating e q u i l i b -  
rium is achieved. P rev ious  hydrocarbon emission 
model l ing conducted by Marchionna e t  a l ? 3  i n d i c a t e s  
t h a t  much of t h e  emissions r e s u l t  from t h e  e scape  o f  
raw f u e l .  Hence h e r e  i t  is necessa ry  t o  cons ide r  
t h e  v a p o r i z a t i o n  o f  f u e l  d r o p l e t s  as they p a s s  i n  
a p l u g  f low f a s h i o n  through t h e  combustor. 
The behav io r  o f  t h e  NO, 
Some d e t a i l s  of t h e  model l ing p rocess  
In a t t empt ing  t o  d e f i n e  a t r a c t a b l e  b u t  
\/' 
The combustor i n l e t  c o n d i t i o n s  corresponding t o  
t h e  temperature ,  p r e s s u r e ,  and wa te r  con ten t  o f  t h e  
compressor d i scha rge  mass flow are i d e n t i c a l  t o  
t hose  i n  t h e  experimental  measurements. I n  t h e  
s i t u a t i o n  f o r  t h e  model l ing o f  t h e  carbon monoxide 
t h e  methane is i n s t a n t a n e o u s l y  mixed wi th  t h e  air 
and water vapor  mix tu re  i n  t h e  primary zone t o  ob- 
t a i n  t h e  d e s i r e d  equi+alence r a t i o .  The mixture  is 
then al lowed t o  r e a c t  f o r  a pe r iod  of t i m e  corres- 
ponding t o  an a p p r o p r i a t e  primary zone r e s idence  
t ime a t  a temperature  which corresponds t o  t h e  ad i -  
a b a t i c  flame temperature .  The primary zone combus- 
t i o n  p roduc t s  are then i n s t a n t a n e o u s l y  mixed aga in  
w i t h  a q u a n t i t y  o f  a d d i t t o n a l  a i r  to , s imula t e  
en t r ance  i n t o  t h e  secondary combustion zone. The 
mixture  is aga in  allowed t o  r e a c t  a t  a temperature  
r e p r e s e n t i n g  t h e  new a d i a b a t i c  flame temperature  
f o r  a per iod  o f  t ime r e p r e s e n t i n g  an a p p r o p r i a t e  
v 
r e s idence  t ime.  This process  is aga in  r epea ted  in 
t h e  d i l u t i o n  zone. With r e s p e c t  t o  t h e  hydrocarbons 
a size d i s t r i b u t i o n  of JP-4 d r o p l e t s  is passed in a 
p lug  flow f a s h i o n  through t h e  r e s p e c t i v e  zones of 
t h e  combustor where t h e  amount o f  v a p o r i z a t i o n  is 
determined by t h e  l o c a l  a d i a b a t i c  flame temperature  
and  t h e  l o c a l  r e s idence  time. 
Far bo th  p o l l u t a n t  s p e c i e s  t h e  c a l c u l a t i o n  
p rocess  is i n i t i a t e d  by de te rmin ing  t h e  a d i a b a t i c  
f lame t empera tu re  f o r  each s imula t ed  compressor 
d i scha rge  c o n d i t i o n  and a v a r i e t y  of f u e l f a i r  r a t i o s  
u s i n g  t h e  NASA CEC-71 Computer Programlb. Each 
f u e l l a i r  r a t i o  of course could correspond t o  a d i f -  
f e r e n t  l o c a t i o n  w i t h i n  t h e  combustor where t h e  l o c a l  
v a l u e  i s  indeed a f f e c t e d  by t h e  o v e r a l l  f u e l l a i r  
r a t i o .  I n  t h e  case  of t h e  carbon monoxide t h e  
me thane la i r  k i n e t i c  scheme employed is that given by 
Ay and S i c h e l l 5 ,  l i s t e d  in Table 111. 
rate c o n s t a n t  is similar i n  n a t u r e  t o  t h a t  developed 
by Ko l l r ack l6 ,  and i t  is found t h a t  t h e  a n a l y t i c a l  
model is much more s u c c e s s f u l  i n  reproducing t h e  
magnitude o f  t h e  expe r imen ta l  r e s u l t s  when t h i s  
smaller va lue  is used. I t  may be worthwhile  t o  n o t e  
t h a t  t h e  s p e c i e s  H 0 2  and NO2 a r e  no t  included i n  t h e  
r e a c t i o n  scheme. Simultaneous s o l u t i o n  of t h e  r a t e  
equa t ion  for  each s p e c i e s  is ob ta ined  u s i n g  t h e  NASA 
GCKP-72 Computer Programl7. The i n i t i a l  s p e c i e s  
composition u t i l i z e d  i n  th i s  program d i f f e r s  fo r  
each ambient c o n d i t i o n  and f o r  each combustor 
r eg ion .  The i n t e g r a t i o n  r o u t i n e  i s  c a r r i e d  o u t  f o r  
a pe r iod  corresponding t o  t h e  r e s idence  t ime f o r  
each combustor region. Represen ta t ive  f u e l l a i r  
r a t i o s  and r e s i d e n c e  times employed f o r  t h e  r e g i o n s  
wi th in  t h e  combustor are given i n  Table I V .  I n  t h e  
caSe of t h e  hydrocarbons l i m i t e d  a tomiza t ion  d a t a  
e x i s t s  f o r  t h e  JTBD-17 f u e l  nozzle. A Resin-Rammler 
d r o p l e t  s i z e  d i s t r i b u t i o n  f u n c t i o n  was assumed which 
g i v e s  t h e  weight  f r a c t i o n  o f  p a r t i c l e s ,  R, hav ing  
a d iame te r  l a r g e r  than a given d i ame te r ,  x ,  
The v a l u e  o f  t h e  parameter i n d i c a t i n g  t h e  nonmono- 
d i s p e r s e  n a t u r e  o f  t h e  s p r a y ,  q ,  was assumed t o  b e  
s imi la r  to t h o s e  determined f o r  a i r b l a s t  a t o m i z e t s ~ 3 .  
The v a l u e  o f  t h e  parameter  r e l a t i n g  t o  t h e  mean 
s i z e ,  b ,  was ob ta ined  by f i t t i n g  expe r imen ta l ly  
measured emission d a t a  f o r  a r e f e r e n c e  case. To 
c a l c u l a t e  t h e  amount of f u e l  evapora t ing  t h e  d rop  
d i s t r i b u t i o n  was d iv ided  i n t o  s m a l l  segments and 
t h e  usual d iame te r  squared v a p o r i z a t i o n  l a w  w a s  
a p p l i e d  i n c l u d i n g  c o r r e c t i o n s  f o r  convec t ive  en- 
hancement of t h e  v a p o r i z a t i o n  as given by 
(1 + .276 Re.5Pr.33). 
and t h e  P r a n d t l  number, P r ,  3s w e l l  as o t h e t  per-  
t i n e n t  v a p o r i z a t i o n  parameters  wore determined by 
t h e  local c o n d i t i o n s  i n  each zon. of t h e  combustor 
where t h e  d r o p l e t s  were al lowed t o  re..ie;;. f o r  t h e  
a p p r o p r i a t e  r e s idence  t i m e .  
The second 
R = exp [ -  b xq]  . 
The Reynolds number, &e, 
A n a l y t i c a l  R e s u l t s  
A l l  r e s u l t s  p re sen ted  h e r e  a r e  f o r  a compressor 
p r e s s u r e  r a t i o  of f o u r .  
Values o f  t h e  a d i a b a t i c  flame temperature  re- 
f l e c t i n g  t h e  e f f e c t s  o f  ambient c o n d i t i o n s  are 
given i n  Fig. 10. The well known e f f e c t  of humid- 
i t y  on t h e  flame temperature  is c l e a r .  A t  a given 
f u e l l a i r  r a t i o  t h e  e f f e c t  o f  humidi ty  on t h e  equi-  
valence ra t io  may also b e  s i g n i f i c a n t  as shown 
in Fig. 11. 
The e f f e c t  o f  ambient c o n d i t i o n s  on t h e  amount 
o f  CO a t  t h e  end o f  t h e  primary zone is shown i n  a 
normalized f a sh ion  i n  Fig.  1 2  f o r  a primary zone 
r e s idence  t i m e  of one mil l i s econd .  Here C i s  
de f ined  as t h e  mole f r a c t i o n  of carbon monoxlde a t  
s t a n d a r d  ambient c o n d i t i o n s  (To = 289, RH = 0%) 
d iv ided  by t h e  mole f r a c t i o n  of carbon monoxide a t  
nonstandard ambient c o n d i t i o n s .  Three d i f f e r e n t  
primary zone equ iva lence  r a t i o s  are cons ide red ,  b u t  
t h e  e f f e c t s  of ambient temperature  and humidity 
changes are t h e  same f o r  each.  An i n c r e a s e  i n  t h e  
ambient temperature  causes  an i n c r e a s e  i n  the car- 
bon monoxide mole f r a c t i o n  and a n  i n c r e a s e  i n  t h e  
ambient humidi ty  causes a dec rease  i n  t h e  carbon 
monoxide mole f r a c t i o n .  These e f f e c t s  are p r e c i s e l y  
o p p o s i t e  t o  t h a t  observed f o r  t h e  gas t u r b i n e  b u t  
agrees w e l l  w i t h  t h e  flame r e s u l t s  o f  Muller- 
DethlefS and Sch lade r l* .  
simply exp la ined  by c o n s i d e r i n g  t h e  e f f e c t  of flame 
temperature  on d i s s o c i a t i o n .  The s p e c i e s  p r e s e n t  
a t  t h e  end of t h e  primary zone c l o s e l y  correspond 
t o  those  which would be p r e s e n t  f o r  t h e  case of 
chemical equ i l ib r ium.  Miles19 a l s o  f i n d s  t h e  same 
i n v e r s e  ambient e f f e c t s  when t h e  primary zone i s  
t r e a t e d  as a p e r f e c t l y  s t i r r e d  r e a c t o r  employing a 
g l o b a l  hydrocarbon k i n e t i c  scheme. 
FCQ 
These r e s u l t s  may be 
I n  view o f  t h e  above r e s u l t s  changing ambient 
c o n d i t i o n s  must indeed have an e f f e c t  on t h e  k i n e t -  
i c s  i n  t h e  secondary and d i l u t i o n  zones. The mole 
f r a c t i o n  o f  carbon monoxide, Xco, e x i t i n g  t h e  com- 
b u s t o r  is given i n  Figs .  13,  1 4  and 15. Om each 
f i g u r e  one primary zone f u e l / a i r  r a t i o  i s  consider-  
ed and t h i s  i s  d i l u t e d  t o  lower f u e l l a i r  r a t i o s  i n  
t h e  secondary and d i l u t i o n  zones. D i f f e r i n g  
sequences are denoted by t h e  d i f f e r e n t l y  shaded 
symbols i n  t h e  f i g u r e s  and f o r  each sequence 
changes i n  bo th  t h e  ambient temperature  and ambient 
humidi ty  are cons ide red .  The r e s idence  t ime f o r  
each of t h e  t h r e e  combustor r eg ions  i s  i n d i v i d u a l l y  
taken as f i v e  m i l l i s e c o n d s .  
The importance of t h e  secondary zone on carbon 
monoxide emissions is i l l u s t r a t e d  i n  Fig.  1 3  where 
t h e  products  of  combustion from a primary zone hav- 
i n g  a f u e l l a i r  r a t i o  of 0.070 are exhausted a t  a 
d i l u t i o n  zone f u e l l a i r  r a t i o  of 0.015. The l a r g e s t  
l e v e l s  o f  carbon monoxide emission occur f o r  t h e  
smallest v a l u e s  o f  t h e  secondary zone f u e l l a i r  
r a t i o ,  i . e .  the carbon monoxide o x i d a t i o n  r e a c t i o n  
i s  quenched. Examining t h e  r e s u l t s  f o r  any one of  
t h e  secondary zone f u e l l a i r  r a t i o s ,  t h e  e f f e c t  o f  
changing ambient c o n d i t i o n s  on t h e  carbon monoxide 
is ev iden t .  For zero ambient humidity an i n c r e a s e  
i n  t h e  ambient temperature  dec reases  t h e  emissions 
w h i l e  f o r  a given ambient temperature  an i n c r e a s e  
i n  t h e  ambienc humidi ty  i n c r e a s e s  t h e  emissions.  
are seen t o  depend upon t h e  f u e l l a i r  r a t i o  of t h e  
secondary zone. 
The s l o p e s ,  r ~ X C O I ~ T ~ I ~ , ~ ,  0 and [ ~ X ~ O I ~ T ~ I ~ = ~  ,o, 
I n  an act"-1 combustor, however, each secondary 
zone w i l l  have a unique,  corresponding d i l u t i o n  
zone. In Fig.  1 4  l e a n e r  secondary zones are pa i r ed  
with l e a n e r  d i l u t i o n  zones. Not s u r p r i s i n g l y  t h e  
l e a s t  carbon monoxide is produced by t h e  sequence 
with t h e  r i c h e s t  secondary and d i l u t i o n  zones. The 
e f f e c t  o f  d i f f e r i n g  ambient temperature  and humid- 
i t y  i s  t h e  same as discussed w i t h  regard t o  t h e  
[ a + ~ / a T q l ~ ~ = ~ , ~  d i f f e r  from each o t h e r  and depend 
upon t h e  d i l u t i o n  sequence. 
previous f i g u r e .  The s l o p e s  [ a X c o / a T 4 l ~ ~ = o . o  and 
For a f i x e d  geometry combustor o p e r a t i n g  a t  
Constant r e fe rence  v e l o c i t y  o r  cons t an t  i n l e t  Mach 
number an i n c r e a s e  i n  t h e  primary zone f u e l l a i r  
r a t i o  w i l l  a l s o  i n c r e a s e  t h e  secondary and d i l u t i o n  
f u e l l a i r  ra t ios .  This  s i t u a t i o n  is i l l u s t r a t e d  by 
t h e  flow sequences i n  F ig .  15.  Here aga in  t h e  sec- 
ondary and d i l u t i o n  zones are p a i r e d ,  t h e  e f f e c t  o f  
changing ambient c o n d i t i o n s  i s  aga in  obvious b u t  
comparing leaner and r i c h e r  primary zones t h e  
q u i t e  similar f o r  t h e  lower v a l u e s  of T4 and t h e  
former only s l i g h t l y  mare nega t ive  than t h e  l a t te r  
f o r  h i g h e r  v a l u e s  of T4. 
s l o p e s ,  [ a x C O l a ~ 4 I R H . ~ . ~  and ~ ~ x c o / ~ T ~ ~ R H = ~ . o .  are '.I 
h comparison between t h e  las t  two flow se- 
quences i n  Fig.  14 and t h e  f i r s t  two flow sequences 
i n  Fig.  15 ,  thereby e l i m i n a t i n g  t h e  p o s s i b i l i t y  of 
c r e a t i n g  a r i c h  d i l u t i o n  zone from a l e a n  primary 
zone and v i c e  v e r s a ,  shows t h a t  t h e  r i c h e r  primary 
and subsequent  zones g ive  lower carbon monoxide 
emissions.  
For l e a n  i d l e  o p e r a t i n g  c o n d i t i o n s  carrespond- 
ing  t o  a combustor e x i t  f u e l l a i r  r a t i o  o f  0.007 a 
s l i g h t  mod i f i ca t ion  o f  t h e  model l ing scheme became 
necessa ry .  Cons ide ra t ion  o f  only t h r e e  combustor 
zones as above produced ve ry  l i t t l e  carbon monoxide 
st t h e  combustor e x i t  p l ane .  An a n a l y s i s  of t h i s  
problem i n d i c a t e d  t h a t  t oo  small  of a q u a n t i t y  was 
b e i n g  produced i n  the lean primary zone-equiva- 
l ence  r a t i o s  va ry ing  between 0.45 and 0.65. In a 
lean a c t u a l  combustor with a f u e l  s p r a y ,  combustion 
w i l l  occur a t  approximately s t o i c h i o m e t r i c  i n  the 
d r o p l e t  d i f f u s i o n  flame and t h e s e  p roduc t s  of com- 
b u s t i o n  w i l l  then be f u r t h e r  d i l u t e d  by t h e  excess 
a i r  p r e s e n t .  A s i m i l a r  approach w a s  employed i n  
t h e  Cur ren t  homogeneous covbus t ion  model. 
methane and o x i d i z e r  were al lowed t o  r e a c t  
s t o i c h i o m e t r i c a l l y  f o r  a s h o r t  pe r iod  of t ime- 
.5 ms-chosen so as t o  produce l a r g e  amounts of 
carbon monoxide and then an i n i t i a l  d i l u t i o n  was 
allowed t o  occur w i t h i n  t h e  primary zone t o  some 
lower equivalence r a t i o  where r e a c t i o n s  w e r e  
allowed t o  con t inue  f o r  t h e  usual 5 m s .  These 
p roduc t s  were then exhausted i n t o  t h e  usual second- 
a r y  and d i l u t i o n  zones. The results of  such a 
c a l c u l a t i o n  are shown i n  F ig .  16 and t h e  u s u a l  
ambient e f f e c t s  may he recognized.  
The 
;\I 
For t h e  hydrocarbon emissions, c a l c u l a t i o n s  
were performed a t  one overall f u e l l a i r .  r a t i o  of 
0.011, The e f f e c t  o f  t h r e e  d i f f e r e n t  ambient condi- 
t i o n s  on t h e  f r a c t i o n  of a drop evaporated at  t h e  
combustor e x i t  p lane f o r  d i f f e r e n t  diameter  d rops  
is  p resen ted  i n  Fig.  1 7 .  Because o f  t h e  e f f e c t  on 
flame temperature  co ld  and wet ambient air is 
e f f e c t i v e  in s u p r e s s i n g  v a p o r i z a t i o n .  Through a 
combination o f  t hose  r e s u l t s  and t h e  p rev ious ly  
d i scussed  d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  t h e  t o t a l  
q u a n t i t y  o f  hydrocarbon emission may b e  c a l c u l a t e d  
and t h e  r e s u l t s  are presen ted  in Table V. For b o t h  
t h e  s t a t i c  and convec t ive  v a p o r i z a t i o n  case, emis- 
s i o n s  are i nc reased  wi th  r e s p e c t  t o  t h e  base  level- 
322 K ,  0% RH- though e i t h e r  c o a l i n g  of t h e  ambient 
a i r  o r  through an i n c r e a s e  i n  t h e  humidity of t h e  
ambient a i r .  The emissions are more s e n s i t i v e  t o  
wide humidity v a r i a t i o n s  than wide temperature  
changes.  
Experimental  and A n a l y t i c a l  Comparisons 
Both c o l l e c t e d  and c a l c u l a t e d  r e s u l t s  show t h a t  
f o r  zero ambient r e l a t i v e  humidi ty  an i n c r e a s i n g  
ambient temperature  dec reases  hydrocarbon and carbon 
monoxide emis s ions  and t h a t  f o r  a given ambient 
i n c r e a s e s  hydrocarbon and carbon monoxide emissions.  
temperature  an i n c r e a s i n g  ambient r e l a t i v e  humidity i 
A n a l y t i c a l l y  f o r  t h e  carbon monoxide t h e  l a t t e r  
e f f e c t  could on ly  b e  ob ta ined  employing t h e  modi- 
f i e d  C o l o H  rate cons tan t .  A d i r e c t  comparison is 
given in Figs .  18 t o  20 where t h e  emissions a t  
s t anda rd  c o n d i t i o n s  ate d iv ided  by those  a t  non- 
s t anda rd  cond i t ions  and p l o t t e d  as a func t ion  o f  
ambient temperature  wi th  r e l a t i v e  humidi ty  as a 
parameter .  The agreement in t h e  magnitude o f  t h e  
emission changes is reasonab le ,  however t h e  k i n e t i c  
c a l c u l a t i o n s  are unab le  t o  p r e d i c t  a s u f f i c i e n t l y  
l a r g e  i n c r e a s e  in t h e  carbon monoxide emis s ions  
wi th  increasing humidi ty .  A t  p r e s e n t  t h e  r eason  
f o r  t h i s  disagreement is n o t  known, b u t  any com- 
p a r i s o n  is a f f e c t e d  by t h e  path chosen i n  t h e  
k i n e t i c  model by which t h e  primary zone combustion 
p roduc t s  are d i l u t e d  down t o  t h e  e x i t  cond i t ions .  
A s  a l r e a d y  i n d i c a t e d  by Morr et  al.13, a Gaussian 
d i s t r i b u t i o n  should b e  considered f o r  t h e  l o c a l  
r e s idence  t imes as well as f o r  t h e  l o c a l  f u e l l a i r  
r a t i o s .  For t h e  hydrocarbon emissions as given in 
Table V, t h e  p r e d i c t e d  e f f e c t  of changing ambient 
c o n d i t i o n s  is much less s e v e r e  than t h o s e  a c t u a l l y  
observed.  However, t h i s  disagreement is be l i eved  
in p a r t  due t o  t h e  changing c h a r a c r e r  o f  t h e  f u e l  
sp ray  as ambient c o n d i t i o n s  va ry .  I n  t h a t  t h e  
d a t a  was run a t  a c o n s t a n t  f u e l l a i r  r a t i o  as wate r  
r ep laced  air w i t h  i n c r e a s i n g  humidi ty ,  i t  was nec- 
necessa ry  t o  dec rease  t h e  f u e l  f low which caused 
poorer  f u e l  a tomiza t ion .  A t  run c o n d i t i o n s  fOK a 
p r e s s u r e  r a t i o  o f  two, t h e  e n t i r e  combustor f u e l  
flow i s  supp l i ed  only by t h e  primary p o r t i o n  o f  
t h e  duplex f u e l  nozz le .  
SMD, of t h e  s p r a y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
f u e l  mass flow and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
nozzle  p r e s s u r e  drop. 
imposed upon t h e  emission d a t a  in Fig. 2 1  where 
f o r  a given combustor d i scha rge  temperature  t h e  
h i g h e s t  v a l u e s  o f  emission are seen t o  correspond 
t o  t h e  l a r g e s t  v a l u e  o f  t h e  SMD. 
W 
The Sau te r  mean d i ame te r ,  
Ca lcu la t ed  SMD's a r e  super- 
u 
CONCLUSIONS 
Changing ambient c o n d i t i o n s  are observed and 
p r e d i c t e d  t o  s i g n i f i c a n t l y  a f f e c t  i d l e  emissions 
from a gas t u r b i n e  engine.  The combustor d i scha rge  
temperature  o r  a d i a b a t i c  flame temperature  does n o t  
uniquely determine t h e  emissions thereby a l lowing  
a mechanism f o r  t h e  no rma l i za t ion  o f  emis s ions  
under d i f f e r i n g  ambient c o n d i t i o n s ,  however, 
changes may b e  c a l c u l a t e d  employing compressor d i s -  
charge parameters .  
may r e s u l t  from engine c o n t r o l  systems r e a c t i n g  t o  
changing ambient c o n d i t i o n s  w h i l e  a t t empt ing  t o  
maintain a cons t an t  T4 may s i g n i f i c a n t l y  a f f e c t  
emissions.  
F u e l l a i r  r a t i o  changes which 
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TABLE 1. IDLE JT8D-17 COMBUSTOR CONDITIONS 
l o  Nominal Operation 
Total Inlet Pressure 































M = 0.42, or 3 
V = 15.2 mlsec 3 
TABLE 11. COEFFICIENTS OF REGRESSION ANALYSIS 




































































TABLE 111. KINETIC SCHEME OF METHANE/AIR 
COMBUSTION AND FORWARD RATE CONSTANTS 
a -AElRT 3 k = A T  e (cm Imolelsec) f 
React ion 
M + CH4 = CH3 + H 
CH4 + OH = CH3 + H20 
CH4 + 0 = CH3 + OH 
CH4 + H = CH? + H2 
CH3 + 02 = HCO + H20 
CH3 + 0 = HCO + H2 
HCO + OH = CO + H20 
M + HCO = CO + H 
CO +OH = C02 + H 
H + 0 2  = O  +OH 
0 + H 2  = O H  + H  
0 + H20 = OH + OH 
H + H20 = H2 + OH 
H + OH = H20 + M 
H + H  = H 2  + M  
0 + O  = 0 2  + M  
0 + H  = O H  + M  
N + 0 2  = N O  + O  
A a AE 
0.20E18 0.0 88332.5 - 
0.28814 0.0 4962.5 
0.20~14 0.0 9210.4 
0.69814 0.0 11810.8 
0.20Ell 0.0 0.0 
O.lOE15 0.0 0.0 
0.10E15 0.0 0.0 
0.20E13 0.5 28584.0 
0.56E12 0.0 600.0 
0.85E-14 7.0 -13895.0 
0.22815 0.0 16554.9 
0.17E14 0.0 9428.8 
0.58E14 0.0 18004.0 
0.84E14 0.0 20048.5 
0.40E20 -1.0 0.0 
0.15~19 -1.0 0.0 
0.40E18 -1.0 0.0 
0.53~16 0.0 5518.3 
0.64E10 1.0 6232.9 
o + NZ = NO + N 0.14~15 0.0 75231.5 
OH + N = NO + H 0.40E14 0.0 0.0 
TABLE IV. TYPICAL LOCAL FUEL/AIR RATIOS AND AVERAGE 
RESIDENCE TIMES 
Primary Secondary Dilution 
High Law High Low High Low 
fla 0.071 0.048 0.034 0.019 0.012 0.011 
7(ms) 1.90 1.60 4.47 3.54 2.62 2.45 
L/ 
TABLE V. HYDROCARBON EMISSIONS 
Ambient Correlations Hydrocarbon Emission Index 
Experi- 
mental Static Convective 
322 K, 0% RR 1.5 1.5 1.5 
244 K, 0% RH 3.19 2.59 14.4 
322 K, 100% RH 4.35 3.48 17.6 
EqYivaisnt "etcring Area 
L d v e r  Cooling Ail- COnbuetio" a ir  
Panel a P M e l  I 
1 1.53 2 7 . 9 1  
2 5 . 6 2  3 1 . 9 2  
3 7 . 5 6  5 B.00 
I 5 . 6 9  8 1 5 . 8 5  
5 6 .24  9 lS.09 
6 3.41 
7 1 . 4 2  
8 3.13 
9 2 . 7 8  
10 1 . 8 1  
FIGURE 1. JT8D-17 COMBUSTOR 
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TOP SHRDEO - F / R = . O I I  I OPEN - F I R = . 0 1 5  
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FIGURE 3 .  HYDROCARBON EFlISSlOll  INDEX, .JT80-17 
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